Abstract Papaya (Carica papaya L.) cultivars show a wide variation in fruit softening rates, a character that determines fruit quality and shelf life, and thought to be the result of cell wall degradation. The activity of pectin methylesterase, β-galactosidase, endoglucanase, endoxylanase and xylosidase were correlated with normal softening, though no relationship was found between polygalacturonase activity and softening. When softening was modified by 1-MCP treatment, a delay occurred before the normal increase in activities of all cell wall activities except endoxylanase which was completely suppressed. Significant cell wall mass loss occurred in the mesocarp tissue during normal softening, but did not occur to the same extent following 1-MCP treatment. During normal softening, pectin polysaccharides and loosely bound matrix polysaccharides were solubilized and the release of xylosyl and galactosyl residues occurred. Cell wall changes in galactosyl residues after 1-MCP treatment were comparable to those of untreated fruit but 1-MCP treated fruit did not soften completely. The changes in the cell wall fractions containing xylosyl residues in 1-MCP treated fruit showed less solubilization and a higher association of xylosyl residues with the pectic polysaccharides. The results indicated that normal modification of cell wall xylosyl components during ripening did not occur following 1-MCP treatment at the color-break stage, this was associated with the failure of these fruit to fully soften and a selective suppression of endoxylanase activity. The results support a role for endoxylanase in normal papaya fruit softening and its suppression by 1-MCP lead to a failure to fully soften. Normal papaya ripening related softening was dependent upon the expression and activity of endoglucanase, β-galactosidase and endoxylanase.
Introduction
Fruit softening is a major factors that determine fruit quality, shelf life, and postharvest handling characteristics (Brummell and Harpster 2001; Brummell 2006; Paull et al. 1999) and is thought to be the result of cell wall degradation (Brummell 2006; Huber 1983) . Some cell wall hydrolases increase in activity during ripening and these increases are coincident with fruit softening. The hydrolases include polygalaturonase (PG) in tomato and avocado (Crookes and Grierson 1983; Huber and O'Donoghue 1993) , β-galactosidase in tomato (Carey et al. 1995) and papaya (Lazan et al. 1995) , cellulase or glucanase in avocado (Awad and Young 1979) , and xylanase in papaya (Chen and Paull 2003; Paull and Chen 1983) . Although, some hydrolases activities increase synchronously with regular fruit softening (Brummell et al. 1999; Brummell and Harpster 2001) a particular hydrolases may not be a major cause of fruit softening (Smith et al. 1988) .
During ripening, cell wall architecture and polymers are modified progressively. These changes vary among species (Brummell and Harpster 2001) . Ripening is generally accompanied by an increase of pectin solubility and depolymerization, and a loss of non-glucosyl neutral sugars especially galactose and arabinose on the side chains of pectins (Brummell 2006; Gross and Sam 1984; Redgwell et al. 1997; Selvendran 1985; Tucker 1993) . A decrease in the molecular mass of matrix polysaccharides has been observed during ripening in many species (Brummell and Harpster 2001; Rose et al. 1998; Sakurai and Nevins 1997) . Depolymerization of matrix polysaccharides is believed to be a major contributor in reduced rigidity of cell walls that lead to fruit softening (Brummell 2006) . The breakdown of middle lamella has been shown to begin early in the ripening of soft fruit such as tomato (Crookes and Grierson 1983) and late in softening of crisp fruit such as apple indicating differences between fruits (Brummell 2006; Crookes and Grierson 1983) . Cell wall swelling is related to a loosening of xyloglucan-cellulose network and to a solubilization of pectin (Brummell 2006; Shiga et al. 2009 ). Loosening of xyloglucan-cellulose network and pectin solubilization combined with losses in pectic side chains, increase wall porosity. The consequent increase in wall porosity may allow greater accessibility of cell walldegrading enzymes to substrate polymers (Brummell 2006) .
The ethylene receptor inhibitor, 1-methylcyclopropene (1-MCP) is used to extend the postharvest shelf life and quality of numerous fruits, vegetables, and floricultural crops (Blankenship and Dole 2003) . Fumigation of papaya with 1-MCP delays ethylene production, climacteric respiration, skin color development, and softening of papaya without affecting total soluble solids and fruit weight loss (Ergun and Huber 2004; Hofman et al. 2001; Shiga et al. 2009 ). Papaya treated with 1-MCP at the color break stage show incomplete softening with the mesocarp having a rubbery texture when ripe . This modification of softening by 1-MCP provides an approach to determining how fruit ripening is regulated.
The cell wall hydrolases and their relative role in papaya softening is still unclear. This study was conducted to determine the relationship between papaya softening, the changes in cell wall polysaccharides and activity of cell wall hydrolases. The incomplete softening of papaya treated with 1-MCP presented an opportunity to determine the factors involved in fruit softening during ripening. The objective of this study was to determine softening-related modifications in papaya cell wall polysaccharides and the role of hydrolases potentially involved in softening of papaya fruit.
Results

Cell Wall Mass Changes During Ripening
The cell wall material (CWM) on a fresh weight basis (g g −1 Fresh Weight (FWt)) declined more than half in 11 days from ∼1.7% FWt at the color break stage, to ∼0.7% FWt when full ripe (Table 1 ). The CWM of 1-MCP treated fruit mass did not change during ripening and was similar to the mass at the color break stage.
Skin Color Changes and Softening of Papaya Delayed By 1-MCP Treatment
Control fruit had similar rate of skin color development to the 1-MCP treated fruit until the 50% skin yellow stage, and had a faster rate after this stage compared to the 1-MCP treated fruit (Fig. 1a) . The control fruit reached the full ripe stage (100% skin yellow) about 4 d earlier than the 1-MCP treated fruit. The control fruit declined in firmness at a higher rate than the 1-MCP treated fruit after 25% stage through to the 75% skin yellow stages (4 to 7 d after harvest) (Fig. 1b) . Firmness of the control fruit at the 50% skin yellow stage was one-third of that at the 25% skin yellow stage (49 versus 145 N). The 1-MCP treatment changed the pattern of papaya softening (Fig. 1b) with the fruit showing a slow decline in firmness throughout ripening. When ripe, the fruit 1-MCP did not soften completely and had 'rubbery' texture. Firmness of 1-MCP treated fruit at the full ripe stage (13 d after harvest) was more than 7 times higher (137 versus 20 N) than the control at the same stage (8 d after harvest). Even 6 d after the full ripe stage, the 1-MCP treated fruit were still 4 times higher in fruit firmness than the control at the full ripe stage.
1-MCP Treatment Altered Amounts of Protein Extracted from the Mesocarp
The amount of protein in the crude enzyme extract, which included cell wall hydrolases, depended upon the extractant used. The amount of protein extracted by the NaCl solution showed little variation during ripening of control fruit (Fig. 1c) while the amount of protein extracted by the Na acetate buffer increased after the 25% skin yellow stage (Fig. 1d) . At the full ripe stage, the amount of protein extracted by the Na acetate buffer in control fruit was the same as that extracted by the NaCl solution in 1-MCP treated fruit (Fig. 1c) . Protein extracted from 1-MCP treated fruit after the 25% skin color stage with NaCl tended to be higher than the control (Fig. 1c) but less than when extracted with Na acetate buffer from control fruit (Fig. 1d ). The differences are potentially due to changes in wall properties and differential extractant interactions. As the protein amount in mesocarp changed during ripening and in fruit modified by 1-MCP treatment, cell wall hydrolase activities were compared on a mesocarp FWt basis.
Activities of Hydrolases
Endoglucanase activity began to increase from the harvest level at the 25% skin yellow stage, slightly before the decrease in fruit firmness and continued throughout fruit ripening (Fig. 2a) . The greatest increase occurred between the 50% to 75% skin yellow stages (6 to 7 d after harvest). Treatment with 1-MCP lowered the rate of increase in endoglucanase activity and the activity increased gradually throughout ripening. Endoglucanase activity of the 1-MCP treated fruit at late stages of ripening (16 to 20 d after harvest) was similar to the control at the 50% skin yellow stage (6.5 d after harvest) when the control fruit softened. Endoglucanase activities of the 1-MCP treated fruit correlated with fruit firmness (Fig. 3a) .
β-galactosidase activity was present at harvest and increased coincident with a significant decline in control fruit firmness (Fig. 2b) . β-galactosidase activity was delayed by 1-MCP treatment and the activity recovered at a later stage of ripening and was greater than the highest activity in the control fruit. A significant correlation was found between β-galactosidase activity and fruit firmness in 1-MCP treated fruit (Fig. 3b) .
Significant PME activity was present at harvest with considerable variation and in control fruit increased after the 25% skin yellow stage (4 d after harvest) then remained constant until the full ripe stage (Fig. 2c) . The 1-MCP treated fruit gradually increased in PME activity throughout ripening and tended to have a higher PME activity than control fruit. Linear correlation coefficients (r) between average PME activity and fruit firmness of the control and 1-MCP treated fruit were significant (Fig. 3c) . However, the correlation coefficients when analyzed from individual data were not significant since each stage showed high variation in PME activity. Exo-PG activity was low at all stages of ripening and varied in both the 1-MCP-treated fruit and control fruit (Fig. 2d) . The activity of exo-PG did not show a significant correlation with fruit firmness (Fig. 3d) .
The β-xylosidase activity at harvest of control fruit increased further from the 25% skin yellow stage onwards (Fig. 2e ) and the activity in control fruit was correlated with fruit firmness (Fig. 3e) . 1-MCP-treated fruit maintained a low level of β-xylosidase activity that slightly increased at a later stages of ripening ( Fig. 2e ) and the activity was correlated to the modified firmness of 1-MCP-treated fruit (Fig. 3e) . Endoxylanase activity was very low or not detected at harvest (Fig. 2f ) then increased significantly after the 25% skin yellow stage and continued to increase throughout ripening. The endoxylanase activity of the control fruit was highly correlated to fruit firmness (Fig. 3f) . Following 1-MCP treatment, endoxylanase activity was highly suppressed for up to 20 d after harvest (Fig. 2f) . Because of very low or undetected endoxylanase activity of 1-MCP treated fruit throughout ripening, the activity did not correlated to the softening in treated fruit (Fig. 3f) . In the presence of 1-MCP, the fruit did soften but had a "rubbery" texture when fully ripe while the untreated control fruit softened completely.
Cell Wall Neutral Sugar Composition Changes During Ripening
The mesocarp of ripe 1-MCP treated fruit had less cell wall polysaccharide mass that dissolved in water and Na 2 CO 3 than fruit at the color break stage. During ripening, 1-MCP treated fruit did not lose cell wall polysaccharides content from the CDTA, Na 2 CO 3 , 4 M KOH, and the cellulose fraction to the same extent as the control fruit. Fruit treated with 1-MCP also had a higher content of cell wall polysaccharides that dissolved in CDTA and 1 M KOH than the fruit at the color break stage ( Table 2 ). The ripe 1-MCP-treated fruit had a higher proportion of CDTA and Na 2 CO 3 fractions than the ripe control fruit (Table 2) .
Ripe 1-MCP treated fruit compared to the control color break fruit had less total sugar contents in the CDTA and Na 2 CO 3 soluble cell wall fractions and a higher total sugar contents in the same fractions than the ripe control fruit. Ripe 1-MCP treated fruit also had higher total sugar content in 1 M KOH soluble fraction than control papaya at both stages (Table 2 ) and agreed with the dry weight of fraction data on fresh weight basis ( Table 2) .
The uronic acid content of ripe 1-MCP treated fruit was less in Na 2 CO 3 soluble cell wall polysaccharides than in color break fruit; ripe 1-MCP treated fruit maintained a high proportion of uronic acids in these fractions (Table 2) . Fig. 3 Relationship between cell wall hydrolase activity on a fresh weight basis and firmness of a endoglucanase, b β-galactosidase, c pectin methylesterase (PME), d exopolygalacturonase, e xylosidase, and, f endoxylanase The mesocarp of ripe 1-MCP-treated fruit had a higher proportion of uronic acids to fraction mass than the ripe control fruit. A higher uronic acid content was found in 1-MCP treated fruit in CDTA and Na 2 CO 3 soluble cell wall polysaccharides than the ripe control fruit. Ripe 1-MCP treated fruit had a smaller content of uronic acids in watersoluble polysaccharides than the color break fruit and maintained the same uronic acid proportion to fraction mass as the control fruit (Table 2) .
Changes in the proportions of neutral sugar to the total neutral sugars and the contents of the neutral sugar components in the cell wall polysaccharide fractions during ripening were significantly different between the control (untreated) and 1-MCP treated fruit. The water-soluble polysaccharides of the cell wall showed galactosyl and xylosyl residues as the main neutral sugar components at the color break stage (Fig. 4) . The untreated control fruit showed a dramatic decline in the proportion of galactose to the total neutral sugars and no change in the xylosyl proportion in this fraction during ripening. The galactosyl proportion in the water-soluble polysaccharides from ripe 1-MCP treated fruit was about half that in color break fruit. Galactosyl residues remained the major component of watersoluble fraction of ripe 1-MCP treated papaya (Fig. 4a) . Changes in the content of neutral sugars in the watersoluble cell wall polysaccharide showed that the 1-MCP treatment reduced release of xylosyl and arabinosyl residues from cell walls (Fig. 4a) .
The CDTA-soluble cell wall polysaccharides had galactosyl residues as the major neutral sugar component at the color break stage (Fig. 4b) . The proportion of galactosyl residues in these fractions declined during ripening of untreated fruit. This decline did not occur in the 1-MCP treated fruit. Ripe 1-MCP treated fruit also showed a higher proportion of xylosyl residues in the CDTA soluble polysaccharide fractions (Fig. 4b) . Control fruit showed a decline in the content of rhamnosyl, arabinosyl, and galactosyl residues in these fractions during ripening. In contrast, ripe 1-MCP treated fruit maintained the content of all neutral sugars in these polysaccharide fractions similar to the color break stage, and also showed a marked increase in xylosyl content, and a moderate increase in arabinosyl content (Fig. 4b) .
Cell wall polysaccharides extracted by the Na 2 CO 3 solution at the different temperatures were rich in galactosyl residues at color break stage (Fig. 4c) . The galactosyl proportions in these fractions decreased over 60% during the ripening of control fruit. Ripe 1-MCP treated fruit showed a decrease in galactosyl proportions in these fractions but not to the same extent as the control fruit. The contents of neutral sugars showed that the control papaya lost a significant amount of galactose and a small amount of rhamnose from these fractions. Ripe 1-MCP treated fruit also lost a significant amount of the galactosyl content from the Na 2 CO 3 fractions though a smaller amount than in ripe control fruit. A greater content of rhanosyl, arabinosyl, xylosyl, manosyl, and glucosyl residues occurred in these fractions from the ripe 1-MCP treated fruit than from the ripe control fruit (Fig. 4c) . The 1 M KOH soluble cell wall polysaccharides were rich in xylosyl residues at both the color break and full ripe stage (Fig. 4d) . During ripening of control fruit, all neutral sugars, especially xylose, were hydrolyzed from the matrix polysaccharides. Ripe 1-MCP treated papaya did not show the same loss of most neutral sugars including xylose from these fractions; however, the mesocarp did lose galactosyl content during ripening (Fig. 4d) . At the color break stage, 4 M KOH soluble cell wall polysaccharides contained mainly glucosyl and xylosyl residues (Fig. 4e) . Small changes in the neutral sugar proportions occurred in the 4 M KOH soluble fractions of the 1-MCP treated fruit and non-treated fruit during ripening. Ripe 1-MCP treated fruit had a higher of mannosyl proportion in these fractions than ripe control fruit (Fig. 4e) . The 1-MCP treated fruit did not lose the glucosyl contents and also had a higher content of glucosyl residues in the 4 M KOH2 fraction than the ripe control fruit (data not shown).
The cellulose fraction at the color break stage contained mainly glucosyl and galactosyl residues (Fig. 4f) . A small proportion of other non-glucosyl neutral sugars were also found in this fraction. The contents of all neutral sugars, except for mannose and glucose, declined during ripening of control fruit (Fig. 4f) . The 1-MCP treated fruit maintained its contents of rhamnosyl, arabinosyl, xylosyl, and mannosyl residues in cellulose fraction but still lost galactosyl content as occurred in control fruit, and had a higher content of glucosyl residues.
Discussion
Glucanase activity was present in mature green fruit and increased before the decline in firmness occurred, and continued to increase until the later stage of ripening as previously reported (Paull and Chen 1983) . The presence of glucanase at harvest and the greater glucanase activity that occurred in 1-MCP treated fruit (Fig. 2a) suggested that glucanase played a role in papaya fruit softening, as found for tomatoes (Hobson 1968) , peaches (Sterling 1961 ) and pears (Jermyn and Isherwood 1956) . Endoglucanase activity was correlated with papaya fruit firmness of both the control and 1-MCP treated fruit (Fig. 3a) . Although the increase in endoglucanase activity was delayed and the rate of increase reduced by 1-MCP treatment, the activity at later stages of ripening was higher levels than the activity when the control papaya started to soften. Endoglucanase has been suggested not to play a key role in avocado and tomato ripening related softening. Treatment of avocado with 1-MCP prior to exposure to ethylene also delays the increase in endoglucanase activity (Feng et al. 2000) and the level of endoglucanase activity was low throughout the storage period. Though avocado has a lower endoglucanase activity, fruit treated with the 1-MCP ripen and soften normally (Feng et al. 2000) . CEL2 gene encodes a tomato endoglucanase that show differential expression in ripening tomato (Lashbrook et al. 1994) , and when the mRNA accumulation is repressed, the fruit soften normally (Brummell et al. 1999 ). Overexpression of a ripeningrelated pepper endoglucanase in transgenic tomato also Fig. 4 Changes in neutral sugars in different cell wall fractions extracted from 'Sunset' mesocarp at color break and ripe with and without 1-MCP treatment. Fraction were obtained following a water extraction, b CDTA, c Na 2 CO 3 , d 1 M KOH, e 4 M KOH and f residue cellulose. Solid bar-color break fruit, gray bar ripe fruit and white bar are ripe fruit that were treated with 1-MCP at the color break stage. Mean ± SE, n=4 for color break and ripe fruit and 1-MCP treated fruit does not increase tomato softening (Harpster et al. 2002) suggesting that endoglucanase does not play a major role in fruit softening including in papaya.
The activity of β-galactosidase that was present at harvest, increased in the non-MCP-treated fruit at the 50% skin yellow stage as firmness declined, then declined (Fig. 2b) . The decline in β-galactosidase activity at the later stage of ripening does not occur in the 'Eksotika' and 'Maradol' papaya and may explain why β-galactosidase was regarded as being significant in overall papaya softening (Lazan et al. 1995; Sanudo-Barajas et al. 2009) . A similar pattern of β-galactosidase activity to that which occurs in papaya (Fig 2b) has been reported in strawberry (Trainotti et al. 2001) . The β-galactosidase results (Fig. 3b ) agree with those of Lazan et al. (Lazan et al. 1995) in that papaya softening during ripening was more closely related to changes in β-galactosidase activity than PME (Fig. 3c ) or exo-PG activity (Fig. 3d) . At least three isoforms of β-galactosidase/galactanase exist in papaya during ripening (Lazan et al. 2004 ) and seven tomato β-galactosidase genes are expressing during fruit development (Smith and Gross 2000) . Six tomato antisense lines to TBG4 are 26-40% firmer than controls (17 N in firmness) at red-ripe stage (Smith et al. 2002) . However, the firmness alteration of TBG6 antisense tomato is less than alteration caused by 1-MCP treatment. Tomatoes treated at light red stage with 1-MCP were more than 100% firmer than the control tomato (5-6 N) after 6 to 18 d of storage (Ramin 2006) . In the present study, the 1-MCP treated papaya was over 700% firmer than the control papaya compared at the full ripen stage (Fig. 1b) . Moreover, the increase β-galactosidase activity of the 1-MCP treated fruit was delayed and the activity levels at later stages were greater than the peak activity in the control fruit (Fig. 3b) . The greater activity in 1-MCP treated fruit than the control at the full ripe stage was probably a function of longer period of gene expression and low β-galactosidase turnover. The alteration in papaya softening and texture following 1-MCP treatment was possibly not due to changes in β-galactosidase activity. PME activity was present at harvest and in non-MCPtreated fruit increased (Fig. 2c) at the same time as firmness declined (Fig. 1b) . PME activity of MCP-treated fruit gradually increased after the 25% skin yellow stage when expressed on a FWt basis. When expressed on a protein basis both control and 1-MCP-treated papaya had two peaks in PME activity, one peak occurred early and the other later in ripening (data not shown). The two peaks are not evident in 'Eksotika' papaya also extracted with NaCl buffer and expressed on a FWt basis (Lazan et al. 1995) . In tomato (Harriman et al. 1991 ) did find two peaks of PME expression, at the 30 d old to mature green stage and at the ripe stage. The PME activity pattern with two peaks is also found in Never Ripe and Non-ripening tomato fruit mutants.
The peaks in papaya PME activity on a protein basis and the gradual increase on a FWt basis did not coincide with the loss in papaya firmness and implied that PME was not a major cell wall hydrolase directly involved in papaya softening. Exo-PG activities of both control and 1-MCPtreated fruit was present at harvest at low-levels and showed high variability during the early stages of ripening then declined or was not detectable (Fig. 2d) as previously reported by Paull and Chen (Paull and Chen 1983 ) and Lazan et al. (Lazan et al. 1995) .
β-xylosidase activity of papaya showed a similar pattern to endoxylanase activity during normal ripening and showed a high correlation with fruit firmness (Fig. 3e) . However, its activity was present at harvest whereas endoxylanase was not detected. β-xylosidase activity is also present in avocado (Ronen et al. 1991 ). β-xylosidase activity was not completely suppressed by 1-MCP treatment (Fig. 2e) as was endoxylanase activity. Proteome variations in cherry tomato (Faurobert et al. 2007 ) and β-xylosidase genes expressions and activity of tomato cv. Alisa Craig (Itai et al. 2003) showed that β-xylosidase is expressed during fruit development and ripening but the protein expression and activity were highest during early fruit growth. The activity of β-xylosidase decreases during later fruit development and did not vary during ripening and the expressions of two β-xylosidase genes in the tomato appear to be independent of each other (Itai et al. 2003) .
Endoxylanase activity of control non 1-MCP-treated fruit increased significantly (Fig. 2f) at the same time as the firmness declined (Fig. 1b) . The high activity level was maintained until the 100% skin yellow stage. This activity pattern differed from that reported previously from this laboratory that showed a decline late in ripening (Paull and Chen 1983 ) when activity was measured from the same fruit and was similar to that of Sanudo et al. (SanudoBarajas et al. 2009 ). In this study activity was measured from different fruit that maybe at slightly different stages of ripening masking any decline. However, both studies show a close relationship between xylanase activity and papaya softening. In the 1-MCP-treated fruit, endoxylanase activity was suppressed throughout ripening and softening. The suppression of endoxylanase activity correlated with the occurrence of incomplete softening and rubbery mesocarp texture in the 1-MCP-treated fruit Sanudo-Barajas et al. 2009 ).
The mesocarp lost more than one-half of cell wall masses from the color break stage to full ripe stage (Table 1) and paralleled the loss in firmness (Fig. 1b) . A significant mass reduction in the mesocarp cell wall occurred in the CDTA-soluble fraction, Na 2 CO 3 -soluble fractions and cellulose fraction (Table 2) . Water-soluble polysaccharides are presumably not cell wall associated (Manrique and Lajolo 2004) and the water-soluble cell wall polysaccharides contained more than 40% of the uronic acids. Xylose and galactose were the major neutral sugar components of these water-soluble polysaccharides at the color break stage and uronic acids and xylosyl residues only at the late ripening stage (Fig. 4a) .
CDTA removes Ca 2+ from cell walls, leading to solulization of pectins held in the cell walls by ionic bonds while Na 2 CO 3 de-esterifies and releases pectins held in the cell walls by covalent bonds (Brummell and Harpster 2001; Coimbra et al. 1996; Selvendran and O'Neill 1987) . The CDTA-soluble cell wall fraction is considered to consist mainly structural pectin-rich polysaccharides of middle lamella (Coimbra et al. 1996) ; and the Na 2 CO 3 -soluble cell wall fraction consists mainly pectin-rich polysaccharides of the primary cell wall (Selvendran 1985; Selvendran and O'Neill 1987) . At the color break stage, the CDTA, and Na 2 CO 3 soluble fractions were rich in uronic acids (44-73% in mass) while the second CDTA soluble extract had little uronic acids (Table 2 ). Pectic polysaccharides of the middle lamella had galactose and rhamnose as the major neutral sugar components in papaya (Fig. 4) . Pectic polysaccharides of these fractions at color break stage possibly included homogalacturonans, and rhamnogalacturonan I with long galactan side chains. The CDTA-soluble fractions had high proportions of xylosyl and glucosyl residues indicating that these fractions possibly included some xyloglucans. The occurrence of covalent linkage between xyloglucan and acidic polysaccharides have been previously shown (Popper and Fry 2005; Thompson and Fry 2000) . The proportions and contents of uronic acids (Table 2 ) and galactosyl residues (Fig. 4) in the pectin-rich polysaccharides declined significantly during papaya fruit softening. Depolymerization of cell wall-intact pectins at middle lamella and primary cell wall of papaya during softening has been previously reported (Manrique and Lajolo 2004; Paull et al. 1999; Shiga et al. 2009 ).
Loosely bound matrix polysaccharides are extracted by 1 M KOH (Brummell and Harpster 2001) and declined as did the xylosyl content during papaya ripening (Fig. 4d) . Papaya matrix polysaccharides contained about 60% xylosyl residues in mass of the total neutral sugars and about 20% glucosyl residues (Fig. 4d) . The 3:1 ratio of xylosyl residues to glucosyl residues suggested that loosely bound matrix polysaccharides in cell wall of papaya mesocarp likely were of the xylan type rather than a xyloglucan where a ratio of 1:3 xylosyl:glucosyl is more common (Carpita 1996) . The xylan type of matrix polysaccharides in papaya mesocarp is similar to those found in gramineous monocots rather than those of typical dicots (Carpita 1996) .
The tightly bound matrix polysaccharides are extracted by 4 M KOH (Brummell and Harpster 2001) and in papaya contained mainly glucosyl and xylosyl residues in about the same proportion (Fig. 4e) . Smaller proportion of galactose and mannose were found in papaya. The tightly bound matrix polysaccharides probably were of the xyloglucan type, or a mixture of xyloglucan and xylan type. In addition to xyloglucans and xylans, the fractions most likely contained glucomannans and this is consistent with published results (Manrique and Lajolo 2004) . Gel filtration chromatography profiles (Manrique and Lajolo 2004; Shiga et al. 2009 ) do not indicate depolymerization of matrix glycans during papaya fruit ripening. However, we found that the content of rhamnose branch-residues, in these polysaccharides in the second 4 M KOH extraction declined during ripening.
The presence of significant amount of galactosyl residues in the 4 M KOH insoluble faction, normally regarded as cellulose, and it rapid decline early in ripening was unexpected. There is ample evidence that galactan and arabinan are able to bind to cellulose microfibrils (Manrique and Lajolo 2004; Zykwinska et al. 2007 ). This binding to cellulose microfibrils is strong and not easily hydrolysed by pectic side chain-degrading enzymes (Zykwinska et al. 2007 ). In addition, not all of the cell wall galactosyl residues can be extracted with boiling water, calcium chelator (EDTA-Na 2 ) or alkali at 20°C. The galactosyl residues that remain can be removed with hot alkali, hot acid or with a cellulase treatment (Zykwinska et al. 2007 ). The KOH insoluble fraction from papaya has been previously reported to have a high galactosyl residue content from fruit that had just started to ripen, and it also rapidly declines as ripening progressed (Manrique and Lajolo 2004; Shiga et al. 2009 ). The results suggest that a galactan possibly associated with a pectin, is tightly bound to the papaya cellulose fraction and this binding is disrupted very early during fruit ripening in both control and 1-MCP treated fruit.
The mesocarp of non 1-MCP treated fruit lost greater than 50% CWM mass during ripening, while ripe 1-MCP treated fruit showed a 'rubbery' texture and maintained CWM mass as at the color break stage ( Table 2 ). The 1-MCP treated fruit did lose some mass from Na 2 CO 3 soluble polysaccharides, mainly from the primary cell wall during ripening. However, these losses were much less than losses of polysaccharides in the ripe untreated fruit. The mesocarp of ripe 1-MCP treated papaya also showed a significant increase in mass of CDTA soluble polysaccharides and 1 M KOH1 soluble matrix polysaccharides ( Table 2 ). The losses of Na 2 CO 3 soluble fraction mass in ripe 1-MCP treated fruit coincided with the losses of the uronic acid contents in these fractions. However, the increased mass of CDTA soluble polysaccharides in ripe 1-MCP treated fruit was not due to an increase of uronic acid content. The decline in content of uronic acids were similar between the ripe 1-MCP treated fruit and ripe untreated fruit. However, the mesocarp cell wall of ripe 1-MCP treated fruit had a lower content of xylosyl residues than mesocarp of untreated fruit. The increased mass of the CDTA soluble cell wall polysaccharides in the ripe 1-MCP treated fruit coincided with the higher association of xylosyl residues to these pectic polysaccharides. The ripe 1-MCP treated fruit had a significantly higher proportion of xylosyl residues in the middle lamella polysaccharides than the control fruit.
The treatment of papaya fruit with 1-MCP delayed softening (Fig. 1b) and the mesocarp developed a 'rubbery' texture and was not completely soft at the full yellow stage. This softening disorder caused by 1-MCP treatment has been reported previously in papaya Shiga et al. 2009 ) and a similar condition occurs in tomato (Hurr et al. 2005) . The modification of cell wall components in 1-MCP treated fruit showed that although the major changes in galactosyl component of mesocarp cell wall still occurred as in control fruit, the 1-MCP treated fruit did not soften completely. An increase in the content of the minor neutral sugar components including rhamnose, arabinose, xylose, and mannose occurred. The proportion of xylose, the major neutral sugar component, increased (Fig. 4c) . The mesocarp of 1-MCP treated fruit did not lose neutral sugar components from the tightly bound matrix polysaccharides (4 M KOH) fractions during ripening (Table 2) , whereas the control fruit did lose neutral sugars. The content of glucose, the major neutral sugar component, in these cell wall polysaccharides of ripe 1-MCP treated fruit was higher than that of ripe control papaya. Cell wall modification of 1-MCP treated fruit still suggested that a modification of the xylosyl component of cell wall that may play an important role during papaya fruit softening. The modification of xylosyl residues involved in papaya softening included solubilization of xylosyl residues, and disassociation of xylosyl residues from the pectic polysaccharides of the middle lamella and from loosely bound matrix polysaccharides.
A number of cell wall degrading enzymes are involved in fruit ripening (Brummell and Harpster 2001; Brummell 2006) . The activity of endoglucanase, β-galactosidase, PME and β-xylosidase were detected in fruit at the start of ripening before softening occurred. The increase in β-galactosidase and PME activities in 1-MCP-treated fruit was delayed and the final activities were comparable to that which occurred in non-treated fruit. The key hydrolase associated with part of papaya softening appeared to be endoxylanase. Endoxylanase activity was not detected at harvest but rose at the start of softening (Fig. 2f) . Activity was highly correlated with firmness loss during ripening (Fig. 3f) . A high relationship also occurred between endoxylanase activity and papaya softening in other lines: 'Sunrise' (Paull and Chen 1983) , 'Line 8', and 'Line 4-16' . 1-MCP treatment caused a complete suppression in endoxylanase activity in vitro throughout ripening; coincident with the incomplete softening of papaya . 'Sunset' fruit has undetectable endoxylanase (CpaEXY1) mRNA after 1-MCP treatment through to the full ripe plus 12 d stage. Endoxylanase protein accumulation, that was detected by protein blotting and immunodetection is not present in 1-MCP treated papaya during ripening. Endoxylanase activity was completely suppressed in 1-MCP treated fruit and did not recover. The 1-MCP-treated papaya did not completely soften and had a rubbery texture, and this was correlated to the suppression of endoxylanase activity.
Materials and Methods
Plant Materials
Carica papaya L., cv. 'Sunset' fruit were harvested at color break stage (less than 10% skin yellow) from the Poamoho Experimental Station in Central Oahu, Hawaii and returned to the laboratory within 3 h. Six fruit of each line were randomly sampled at the color break and at the full ripe stage. Four fruit of 1-MCP treated 'Sunset' were sampled at the full ripe stage. Mesocarp tissue was collected and extracted for cell wall material and later used to extract cell wall polysaccharide fractions. Four sets of fractions from each line at both stages, and from 1-MCP-treated and untreated fruit were analyzed for neutral sugars composition of the cell wall polysaccharide fractions.
1-MCP Treatment: 'Sunset' fruit with less than 10% skin yellow were placed in an airtight chamber treated with 100 nL L −1 of 1-MCP (Smartfresh, Agofresh Rohm & Haas, Philadelphia, Pa) for 12 h at room temperature (∼22°C). The 1-MCP concentration was calculated from the percent active ingredient (3.3%) and not verified . All fruit were allowed to ripen at room temperature (∼22°C).
Skin Color, and Firmness Determination
Fruit skin color was visually determined as the percentage skin area that was yellow. Fruit firmness was measured using a force gauge (Imada Digital Force Gauge ZP-110, Northbrook, IL.) with a 1.6 cm diameter disc and pressed 1 mm into the fruit at two equatorial sites on opposite sides of the fruit. The peak forces at two opposite sides of fruit equator were averaged.
Enzyme Extraction
Four 'Sunset' fruit at each stage of ripening, and with and without 1-MCP treatment were sampled, fruit softness determined and mesocarp tissue collected. The mesocarp was sliced, immediately frozen in liquid nitrogen, and stored at −80°C until used. The frozen tissue was ground to powder in liquid nitrogen before extraction of crude enzymes. Duplicate or triplicate assays were conducted on each sample. Ground frozen mesocarp (4 g) was homogenized at 2°C in either 8 ml of NaCl extractant (0.5 M NaCl, 1 mM dithiopyridine, 1 mM phenylmethylsulphonyl fluoride (PMSF)), or 8 ml of Na acetate extractant (40 mM Na acetate, 40 mM sodium phosphate buffer (pH 4.6), 1 mM dithiopyridine,1 mM PMSF). The homogenate was allowed to stand at ice temperature for 15 min and centrifuged at 5,000 g at 4°C for 10 min and the supernatant filtered through Miracloth® (CalibioChem, Gibbstown, NJ, USA). The crude enzyme extracted with NaCl extractant was used for β-galactosidase and pectin methylesterase (PME) assays and that extracted in Na acetate extractant was used for exo-PG, endoglucanase, β-xylosidase and endoxylanase assays. Ten minutes boiled crude enzyme extract was used in each assay as the blank. Hydrolase activity was reported as the difference between un-boiled and boiled blank. Total protein was determined using the BioRad® protein assay (Bradford 1976 ) with BSA as the standard.
Cell Wall Hydrolase Assays
Crude enzyme was mixed with carboxymethylcellulose (CMC) in 50 mM Na acetate buffer (pH 5.2) and incubated at 30°C for 1 h and the change in viscosity was determined at zero time and again 23 h later. The activity of endoglucanase was reported as loss in viscosity per day. A modification of the β-galactosidase Stratagene® (Stratagene, Cedar Creek, Texas) assay was performed at 37°C for 30 min. The reaction was stopped by the addition of 500 µl of 1 M Na 2 CO 3 solution and the absorbance at 415 nm was recorded. Exo-PG activity was determined by the method of Boudart et al. (Boudart et al. 2003) . The reaction was stopped with ethanol, then centrifuged and the supernatant that contained free galacturonic acids was assayed for hexouronic acid (Blumemkrantz and Asboe-Hansen 1973) . PME activity at 25°C was determined by monitoring the color change of bromothymol blue at the 616 nm (Hagerman and Austin 1986) . The PME activity was reported as the difference in absorbance between at the first and second minute of the reaction (dAbs 616 /min). Xylosidase assay was determined with p-nitrophenyl β-D-xylopyranoside as the substrate at 37°C for 4 h (Itai et al. 2003) . Endoxylanase activity was determined with Remazol Brilliant Blue-xylan at pH 6.0, 30°C for 19 h (Chen and Paull 2003) .
Cell Wall Extraction
Fifty grams of frozen mesocarp was homogenized in 250 ml of chilled 40 mM HEPES-NaOH buffer pH 7.0 at 2°C for 3 min. The homogenate was filtered through Miracloth®, and the filtrate remaining was washed with 1.5 L of the same buffer for papaya sampled at color break stage. At the full ripe stage, 3 L of buffer was used. The washed crude cell wall material was transferred to 125 ml of phenol-saturated Tris (pH 7.0) and the suspension was stirred for 45 min as described (Huber 1991) and again filtered through Miracloth®. The crude inactivated cell wall material was sequentially washed with 0.5 L of 80% (v/v) ethanol and then with 1 L of 100% acetone. The cell wall material was transferred into 150 ml of chloroform: methanol (1:1) and the suspension was stirred for 30 min. The suspension was filtered through Whatman® GF/C glass filter paper under aspiration. Solid material was washed under aspiration with 0.5 L of 100% acetone. The washed material was dried in a fume hood and later in a desiccator until no further weight change occurred and was regarded as the crude cell wall material (CWM). The CWM (0.25 g) was first extracted with 25 ml of deionized water at room temperature for 1 h. The suspension was centrifuged at 20,000xg 10 min and the supernatant filtered though Whatman® GF/C glass filter paper under aspiration. Water extraction was repeated and the supernatants combined giving the water-soluble fraction. The following steps of cell wall polysaccharide extraction were conducted as described (Selvendran and O'Neill 1987) with minor modifications. In brief, the water extracted CWM was sequentially extracted for one hour with 0.05 M 1,2-Diaminocyclohexane-tetra acetic acid (CDTA) (pH 6.5) twice at the room temperature and results pooled, 0.05 M Na 2 CO 3 with 20 mM NaBH 4 at 1°C and room temperature and pooled, 1 M KOH with 10 mM NaBH 4 at 1°C followed by 1 M KOH with 10 mM NaBH 4 at the room temperature and the results pooled, 4 M KOH with 10 mM NaBH 4 , and, 4 M KOH with 10 mM NaBH 4 and 4% boric acid at room temperature (4 M KOH2 fraction) and the results pooled. The remaining material was washed with 2 L of distilled water under aspiration, and the white material was considered to be the cellulose fraction. The cell wall polysaccharides fractions were adjusted to pH 5.0, and 2 ml of each cell wall polysaccharide fractions was collected and stored at −20°C for starch, total sugar, and uronic acid analysis. Total volume of each fraction was recorded for calculation of actual mass of each cell wall polysaccharide fraction. All fractions, except for the watersoluble fraction, were dialyzed in a 3,500 MW cutoff Spectra/Por® dialysis tubing at 1oC with at least 5 changes of distilled water. Each fraction was lyophilized, weighted, and stored at −20°C.
Total Sugar and Uronic Acid Analysis
Total sugar content was determined by the phenol-sulfuric acid assay (Dubois et al. 1956 ) with D-glucose as the standard. Hexouronic acids was determined by the metahydroxydiphenyl-sulfuric assay (Blumemkrantz and AsboeHansen 1973) with minor modifications and D-galacturonic acid as the standard.
Analysis of Neutral Sugar Composition of Cell Wall Polysaccharides
Starch contamination in the cell wall fractions was determined by addition of one drop of iodine/potassium iodide reagent to 200 µl of each cell wall polysaccharide fraction. All fractions tested negative to starch contamination. Dried cell wall fractions (ca. 5 mg) were hydrolyzed with 1 ml of 2 N trifluoroacetic acid (TFA) using 50 µg allose as the internal standard. The hydrolysis was carried out in heat sealed tubes at 121°C for 1 h. Each tube was opened and the contents pour out through a small ball of glass wool, transferred to vials and dried with nitrogen gas at 37°C. Monosaccharide constituents were then reduced and acetylated using a procedure similar to that of Blakeney et al. (Blakeney et al. 1983) . Alditol acetates were detected and quantified by flame ionization following gas chromatography separation on a 25 m (0.2 mm i.d.) 5% phenylmethylsilicone capillary column. Helium was used as carrier gas at a flow of 1 ml min −1 . The oven temperature was programmed at 170°C for 1 min then increased to 220°C at 4°C min −1 .
Statistical Analysis
Experiments were laid out using a completely randomized design. Data were analyzed by analysis of variance (ANOVA). Where possible, mean comparisons were made using either the LSD Test or T-Test Test at P=0.05. Statistical analysis was carried out using the SAS statistical package (SAS Institute, Inc. Cary, NC.).
